Among various kinds of cast iron, ductile cast iron has good ductility and toughness, for the graphite morphology is spheroidal in this iron. It seems that the possibility of strengthening and toughening of the ductile cast iron lies in the modification of the matrix structure by heat treatment and the addition of alloying elements. In the present study, Ni is added to the ductile cast iron, and various matrix structures are obtained by heat treatment. Effects of these treatments on the toughness are examined. temperature range after ferritic annealing, the ferrite plus bainite duplex structure is obtained, and this structure shows a good combination of strength and toughness. The most suitable condition for this treatment to give good toughness even at lower temperature is investigated. Then the Ni added duplex structure ductile cast iron is compared with the ferritic cast iron and the austenitic ductile cast iron by the U-notched Charpy test, fracture toughness test, and tensile test. It is shown that the Ni added ductile cast iron with duplex structure exhibits a good combination of high strength, toughness, and fracture toughness.
It is shown, however, that the transition temperature of the Ni added duplex structure slightly increases compared with the one of the usual ferritic structure in the U-notched Charpy test but largely decreases in the unnotched test. This phenomenon may be due to the transformation induced plasticity effect in the retained austenite phase. It is assumed, therefore, that the main part in the improvement of low temperature toughness in the Ni added duplex structure results from the starange.
(Received February 12, 1983) Keywords: ductile cast iron, nitrogen addition, toughness, duplex structure, retained austenite, range, bainite, transformation induced plasticity Ductile cast iron is superior to the flaky graphite cast iron in ductility and toughness, for the spheroidal graphite morphology has the least notch effect and, therefore, its use is increasing.
In recent years, the demands for the low temperature application of the cast iron is increasing with the development of the petrochemical industry and so on. Concerning the cast iron, it can be said that no large progress in the field of strength has been made since the ductile cast iron appeared. The strengthening and toughening of the cast material is very important, and it has been promoted by the improvement of the matrix structure with heat treatment and the addition of alloy elements(1)(2). For example, INKO announced the method to toughen the cast iron by obtaining the bainitic matrix structure under the ascast condition with Ni and Mo additions (3) . As the cast iron contains a large quantity of carbon, it is recognized that the bainitic matrix is preferable to the martensitic one as a basis of strengthening and toughening owing to its smaller lattice strain. On the other hand, Niresist austenitic cast iron that contains Ni over 20% has been designed for low temperature use (4) . In ductile cast iron, it is generally said that the ferritic type has good toughness and the low transition temperature and that, therefore, it is suitable for low temperature use (5); however, the lower limit temperature of its Fig. 1 . Samples D2 and D2M are equivalent to ASTM D2 and D2M, respectively, and they have the austenitic matrix. D2M is an improved one of D2; i.e., Cr is decreased to improve the reduction in the toughness by generation of chromium carbides, and, therefore, Mn is increased(4). They were tested after heating at 1200K for 2h (7.2ks) followed by air cooling. was tested by the instrumented Charpy impact machine at a somewhat low impact speed of 1.2m/s, in order to avoid the influence of oscillation accompanying the impact load. The crack initiation energy was measured as an energy required up to the maximum load in the load-deflection curve, and the dynamic J integral value was calculated by Rice's equation (8) . However, there were some doubts whether the energy required up to the maximum load point was really equal to the crack initiation energy (9) . In the present work, however, the method written above was assumed as a valid one. The J-integral values obtained in this Figure  2 shows the heat treatment conditions. The result of the half-size unnotched Charpy test at room temperature is schematically shown in Fig. 3 . In the case of heat treatments a-3-a-6, they were treated after the ferritization which was equal to the heat treatment a-1, in order to decrease the carbon content in the matrix in advance; because, if a pearlitic ductile cast iron is quenched after austenitization, the high carbon martensite will be generated and it will make the material very brittle. As shown in Fig. 3 , it is noted that the toughness of the ferritic iron is decreased by Ni addition; no improvement of the toughness is observed in contrast with the case of ferritic steels. It has already been reported that the Ni addition decreases the toughness of the ferritic cast iron(4)(12). This tendency has been also observed even in the pearlitic iron; this is due probably to the fact that Ni has little stabilizing effect on pearlite (12) .
However, its details will have to be investigated in the future.
On the other hand, it has been observed that the toughness in the bainitic or martensitic iron are largely improved by the Ni addition.
In the mechanical properties of cast iron, it is generally said that the ferritic iron has good ductility, the bainitic one has moderate strength balanced with good ductility, but the martensitic one has poor toughness. However these properties tend to change largely by the prior matrix structure or the heat treating condition (13) . Therefore, although some influence of such factors is considered also in the present result, it will be no mistake to assume the bainite or the martensite as a basic structure for strengthening and toughening by the Ni addition. Also for the ferrite plus bainite (or martensite) duplex structure, the toughness was actually improved by the Ni addition. Especially it is noticeable that this duplex iron has both good toughness and strength that are inherent in each single matrix (phase). Attempts to improve the toughness of ductile cast iron by changing the matrix structure except the morphology of the graphite have so far been made, and the present study has also a similar object. Recently it has been reported about the application of high ductility in the microduplex structure to cast irons by the heat treatment in the eutectoid transformation range(14) (15) . In addition to this treatment, more strengthening and toughening were attempted in this study by the Ni addition. Reasons for good ductility of the duplex structure obtained in this study are considered as follows:
the carbon content in the matrix, because austenitization is started from the prior ferritic matrix structure and is then quenched from a temperature lower than the usual one.
In this study, it could not be clarified whether the improvement of the toughness by the introduction of stable retained austenite was accompanied with the transformation induced plasticity (TRIP). However, it is assumed that such an effect may be partly included in this result judging from the change in the toughness with the notch effect, which will be described later.
Furthermore, it seems that there is the most suitable range in the Ni addition. When Ni is added over 6%, the cast structure will become the martensite-bainite one that has very high strength and poor toughness, and it will be difficult to ferritize by heat treatment. Therefore, in this study, the amount of Ni addition in the absorbed energy both at room tempera- temperature of 77K; therefore, it is assumed that this stable retained austenite has effectively contributed to the toughness at low temperature. Figure 7 shows the result of examination on the Ni distribution with an X-ray microanalyzer. Figure 7(a) is the result from the asferritized sample. It is recognized that Ni segregates a little in a long range over ferrite grain boundaries, but the distribution is almost uniform. Figure 7(d) shows the result from the sample transformed to bainite after holding for range; and this sample corresponds to Fig. 5(b) . The concentration of Ni in the bainitic phase is observed. The amount of the bainite in the matrix is about 40%, and the difference between the maximum and the minimum content of Ni is about 1% in this analysis. This shows that the diffusion of Ni into the austenitic phase toughens the bainite, stabilizes the retained austenite in the bainitic phase and then contributes to the improvement of low temperature toughness. Figure 7 (c) shows the result from the sample transformed to bainite after holding for 5h (18ks) at the mid-temperature in the creased to about 55%, but no large difference in the Ni content was observed compared with Fig. 7(d) . Figure 7(b) shows the result from the sample transformed to bainite after holding for Fig. 5(a) . At room temperature both samples show a ductile fibrous type fracture, but the sample bainitic-transformed from dimples than the as-ferritized sample shown in Fig. 8(c) , according to the matrix structures. The latter has larger dimples and their morphologies are more ductile with the spheroidal graphite as a nucleus. This is a cause for the good toughness in the as-ferritized sample at room temperature. On the other hand, the fracture pattern of both samples at 77K is brittle, and it also showed the maximum retained austenite content. It seems that the stable retained austenite tends to be introduced by the treatment near this temperature, and then it con- tributes to the improvement of toughness. Figure  10 shows the effect of the bainitic transformation time on the absorbed energy and on the retained austenite content. The bainitic transformation was carried out at 527K after holding for 1h (3.6ks) at the midenergy at room temperature showed the maximum at 2h (7.2ks). It was 3h (10.8ks) in the case at 77K. Although it is observed that the amount of the bainite in the matrix increased a little up to 2h (7.2ks), it changed little after then; the duplex structure changed somewhat to the finer one with the transformation time.
On the other hand, the retained austenite content in the specimen tested at room temperature showed the maximum at 2h (7.2ks) and then decreased, but in the specimen tested at 77K it increased with the transformation time up to 5h (18ks), where it coincided with the one at with the other ductile cast irons or the usual malleable cast iron and to investigate the effect of Ni addition. Especially, samples DC and N4 were also tested with the half-size unnotched Charpy specimen; Fig. 11 (a) and (b) show the Fig. 2 . The cooling condition after annealing was either furnace cooling or air cooling; the air cooled sample was indicated by the symbol "a .c." in Fig. 11 . On the other hand, the Ni by the method corresponding to Fig. 5(c) .
It is found from the results in the U-notched Charpy test of Fig. 11(b) that samples D2 and D2M show no transition behavior. But D2 has considerably less absorbed energy than D2M; this is due to the existence of chromium carbide in the matrix. It is recognized that D2M which has been decreased in Cr and added with Mn shows good toughness. DC that has a ferritic matrix showed a larger absorbed energy and a lower transition temperature than those in the malleable cast iron, Ma. It also showed no large difference between the furnace cooled and the air cooled samples. It is generally said that the toughness of cast iron will become worse due to the effect of temper embrittlement when it is held for a long period near 720K; therefore, the decrease of the toughness in the furnace cooled sample is assumed (16) (17) In the present work, however, it is considered that the difference in the toughness has not been observed as a result of a little difference in the cooling rate between the furnace and the air cooling.
Concerning N2M, N3 and N4, which were added with Ni and had a ferrite and bainite duplex structure, the absorbed energy at room temperature increased with the amount of added Ni. But the absorbed energy in N4M, which was added with Mo in order to prevent temper embrittlement and to activate bainitic transformation, decreased largely. It is supposed that this is due to the appearance of martensite in the matrix and to the existence of carbides on the eutectic cell boundaries. These Ni added cast irons have much larger strength than DC which has a ferrite matrix. Moreover, although their transition temperatures are a little higher than the ones in DC, but they have larger absorbed energy than DC above the transition temperature. Therefore, it can be said that they possess both good strength and toughness. Moreover, the Si content in DC was about 0.5% lower than in N4, N3 and N2M; therefore it is considered that more improvement of their low temperature toughness will be expected by decreasing the Si content (18) .
On the other hand, the result of the unnotched Charpy test shown in Fig. 11(a) shows that Ni added samples with a ferrite plus bainite (or martensite) duplex structure are very excellent in toughness and, therefore, the development of cast iron having good low temperature toughness is expected. However, it is found from the comparison between Fig. 11 (a) and (b) that the transition temperature of N4 in the U-notched Charpy test is considerably higher than that in the unnotched Charpy test. A part of this difference in the transition temperature may arise from the difference in the alloy content, for there were some differences between the specimens provided for both tests. This phenomenon is, however, noticeable as a matter showing that the effect of notch sharpness on the toughness of this material depends mainly on the introduction of the stable retained austenite in the matrix, and it tends to become more unstable in the early stage in the U-notched test and will transform to martensite by stress concentration at the notch root; then this phenomenon will have no contribution to the improvement of toughness by the good toughness in austenite itself or by the transformation induced plasticity effect. Although this phenomenon must be investigated more in the future, but it has been found that the sample N4(F+B) has an excellent property as a cast iron for a low temperature use. Figure 12 shows the results of measurements on J-integral value under a dynamic loading condition JId, the absorbed energy and the maximum load in Charpy impact test at room temperature. It is considered that the absorbed energy in Charpy test corresponds well to JId; Ni added samples show high maximum load. Moreover it is noticeable that N4 has much better toughness and strength than the ductile cast iron having a ferritic matrix, DC. Figure 13 shows the results of static tensile test. The strength and ductility of Ma and D2 are rather inferior. D2M and DC(F) are much superior in ductility. N3 and N4(F+B) have very high strength, but they are a little inferior in ductility to D2M and DC. The ductility of N2M and N4M that were added with Mo decreased largely, though their strength was high. In this study, the addition of Mo to cast iron was not useful. Various heat treatments were made on Ni added ductile cast iron, and its strengthening and toughening were investigated by obtaining the ferrite plus bainite duplex structure after Then the following conclusion was drawn.
Static tensile properties
(1) Ni added ductile cast iron, which has a ferrite plus bainite duplex structure obtained by range after ferritic annealing, shows much higher strength and better fracture toughness at room temperature as compared with a usual ferritic ductile cast iron. The transition temperature was comparable with that of ferritic matrix in the U-notched Charpy test, but it was lowered largely in the unnotched Charpy test. It was assumed that this phenomenon was concerned with the stability in the introduced retained austenite phase and with its TRIP effect.
(2) The reasons for the improvement of toughness in the duplex structure were considered as follows. Conditions for the heat treatment transformation to satisfy the above mentioned points were clarified. (3) In this case, it is considered that the most suitable amount of Ni addition was 4%. Although the matrix was largely strengthened by Ni addition, it changed to martensite in the as-cast condition by the addition over 6%.
(4) It was also clarified that Ni addition to the cast iron lowered the toughness in the case of the ferritic and pearlitic matrices, but it improved the toughness in the case of the martensitic, bainitic, and bainitic (or martensitic) plus ferritic duplex matrices.
